We investigated the clonal relatedness of seven multi-drug-resistant (MDR) Klebsiella pneumoniae isolates, as well as three susceptible K. pneumoniae isolates collected during hospital outbreaks and outbreak-related microbiological surveillance, respectively. The relatedness among K. pneumoniae isolates was assessed by pulsed field gel electrophoresis (PFGE) and automated repetitive-sequencebased PCR (rep-PCR) genotyping and the results were compared to a proteomic phenotyping performed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). All typing methods agreed on the generation of three different clusters of K. pneumoniae isogenetic/ related MDR strains. After strengthening hospital infection control measures, no other spreading events involving MDR-K. pneumoniae were reported until the end of the observation period. This preliminary investigation suggests that, in a hierarchical approach to bacterial typing, MALDI-TOF MS proteome profiling might offer a fast and valuable preliminary screening tool able to support microbiologists during nosocomial outbreak surveys.
Enterobacteriaceae is generally considered pulsed field gel electrophoresis (PFGE) but it is timeconsuming, requires rigorous standardization and well-trained personnel (6, 23) . To overcome these limitations, in recent years two advanced microbial typing methods have been introduced, to investigate outbreaks in hospital settings: the semi-automated DiversiLab system (DL), a highly-standardized typing platform based on repetitive-sequencebased PCR (rep-PCR) and the new matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)-based proteomic phenotyping (5, 7, 10, 22) .
The scope of the present study was to investigate the genotypic/phenotypic relationship of seven multi-drug-resistant
pneumoniae strains isolated, in the period October-November 20 I0, from a group of patients hospitalized at the Hematology-Oncology Department (OHD; three patients), at the Department of Pediatrics (DP; one patient), at the University Department of Pediatrics (UDP; one patient), and at the Neonatal Surgery Unit (NSU; two patients) of Bambino Gesu Children's Hospital, IRCCS of Rome, Italy. The seven MDR-K. pneumoniae isolates were all ESBL producers and two of them were also resistant to carbapenems. In this analysis, as unlinked outgroup, three ESBL and KPC negative K. pneumoniae strains isolated during the surveillance activities conducted by the Hospital Infection Control Committee (HICC) on hospitalized patients and environment of OHD, DP and NSU wards, were included.
The genetic relatedness of all K. pneumoniae isolates was firstly assessed by PFGE and automated DL rep-PCR and, subsequently, genotyping profiles were related to MALDI-TOF MS-based proteomic phenotyping patterns and clinical severity.
MATERIALS AND METHODS

Description ofcases, hospital control measures and study design
In the period October-November 2010, seven patients hospitalized at the OHD, DP, UDP and NSU of Bambino Gesu Children's Hospital, IRCCS of Rome (Italy), were found infected by ESBL+ K. pneumoniae isolates and two of them, both from OHD, by ESBLlKPC+ ("MDR group") ( Fig. I , Table I ). At the end of October, the HICC started a targeted-microbiological surveillance program involving patients and environments of the OHD, DP, UDP and NSU wards (including bed surfaces, patients' rooms, sinks, trolleys, pharmaceutical products cabinets, basins and areas for therapy preparation). A second group of three patients, from which ESBL and KPC negative K. pneumoniae strains were isolated, was included in the study design as unlinked outgroup (surveillance group, "S group") ( Fig. I , Table I ). Microbiological investigation of the hands of personnel was not carried out.
Microbiological procedures during diagnostic work-up
Blood specimens, throat and rectal swabs were collected from patients and microbiologically processed according to routine procedures. Bacterial identification (10) and antibiotic susceptibility testing (AST-NI07 card) were performed by using the semi-automated Vitek-2 instrument (biolvlerieux, Marcy l'Etoile, France). Susceptibility results were interpreted by the use of the European Committee on Antimicrobial Susceptibility Testing (EUCAST; www.eucast.org)breakpoints.To confirm the presence of ESBL-producing strains, K. pneumoniae isolates were subjected to Etest analysis by the use of three different antimicrobial strips containing cefotaxime/cefotaxime+clavulanic acid, ceftazidime/ceftazidime+clavulanic acid and cefepime/ cepefime+clavulanic acid (biolvlerieux), The test was interpreted according to the manufacturer's instructions. K. pneumoniae isolates with a resistance level~0.5 Ilg! mL to meropenem were considered possible KPC strains and subjected to PCR of bla KPc gene to confirm their resistance to carbapenems (I).
PFGE-based genotyping
Macrorestriction analysis of chromosomal K. pneumoniae DNA was performed with 20U XbaI restriction endonuclease at 37°C for 4 h (Promega Corporation, Madison, WI, USA). Restriction fragments of DNA were separated on a CHEF-DR III apparatus (Bio-Rad Laboratories, Hercules, CA, USA). The initial switch time was lOs, the final switch time was 45 s, and the run time was at 6 V/h for 23 h at 14°C. Saccharomyces cerevisiae molecular size marker (Bio-Rad Laboratories) was included for in-gel comparison.
The genetic relatedness between PFGE profiles was investigated using InfoQuest" FP SW software (Bio-Rad Laboratories, Inc., Hercules, CA 94547, USA) and calculated by Dice correlation coefficient using 1% tolerance for the band migration distance and Unweighted Pair Group Method with Arithmetic Mean (UPGMA) algorithm. PFGE profiles were assigned to the same cluster if their similarity was~90%. PFGE profiles of K. pneumoniae isolates included in the same cluster were considered: i) "indistinguishable" if their restriction patterns had the same number of bands of the same apparent size; and ii) "closely-related" if different for at least 3 bands. K. pneumoniae PFGE profiles that differed by 4 or more bands were considered "unrelated" (21, 23) .
rep-Ptlk-based genotyping with DiversiLab system
DNA was extracted from a 10 III loop of each bacterial mass using the UltraClean microbial DNA isolation kit according to the manufacturer's recommendations (Mo Bio Laboratories, Solona Beach, CA, USA). The bacterial DNA was amplified using the DiversiLab Klebsiella Kit (biolvlerieux) according to the manufacturer's instructions. Thermal cycling parameters were as follows: 94°C for 120 s; 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 70°C for 90 s; final extension at 70°C for 180 s. Relatedness between rep-PCR profiles was calculated by Pearson correlation coefficient and UPGMA algorithm (DiversiLab software, biolvlerieux). According to the manufacturer's instructions, two DL-K. pneumoniae profiles were considered indistinguishable if their similarity was >97%, while they were regarded different if their similarity was <95%. K. pneumoniae isolates with a similarity between these two values were considered similar (4, 5).
MALDI-TOF MS proteome phenotyping and data analysis
Cells from single colonies were recovered by scraping Columbia agar plate supplemented with 5% sheep blood (biolvlerieux) with a 10 III plastic loop, transferred in water/ethanol (300/900 Ill). The dry pellets were mixed thoroughly with 70% formic acid (50 Ill) and acetonitrile (50 Ill) (Sigma-Aldrich S.r.l. Milan, Italy) and 1.5 IIIof this suspension was air-dried, overlaid with 1.5 III of a-cyano-4-hydroxy-cinnamic acid matrix «Broker Daltonics GmbH, Bremen, Germany) and subjected to MALDI-TOF MS proteome phenotyping with a Microflex LT mass spectrometer (Broker Daltonics) using Flex Control software (version 3.0, Broker Daltonic) as described by Putignani et al. (15) . In particular, for each spectrum, 300 shots, in 50-shot steps from different positions of the target spot (automatic mode) were collected and analysed. Spectra were internally calibrated by using Escherichia coli ribosomal proteins. Three independent cultivations (biological replicates) of the same K. pneumoniae isolate were replicated eight-times (technical replicates) and single mass spectra were acquired from each spot (overall of 24 spectra for each K. pneumoniae isolate). The resulting mass spectra showed a mass accuracy of 100 ppm on average with mass resolution between 300-1100 FWHM.
Hierarchical clustering of MALDI-TOF MS-based K. pneumoniae spectra was performed by including in the computation average spectra obtained by acquiring, for each K. pneumoniae isolate, 24 row spectra adjusted for baseline correction, smoothing and recalibration by using the ClinProTools software (ver. 2.2). During the average spectra assemblage, only peaks with a 50% frequency of occurrence were acquired. Average spectra were converted into a file format compatible with the SpecAlign software (ver. 2.4.1; Cartwright Group PTCL, University of Oxford), aligned with the peak matching method (maximum shift of 20) and exported to spreadsheet where rows represented the mass spectra scale (from 2000 to 20000 m/z) and columns represented the relative intensities of spectra peaks. For clustering analysis, a binary spreadsheet was created by marking all peaks showing relative intensities >5% with 1 and the others with 0 (10, 11, 20) . The calculation of binary distances was performed with R-routine 'dist' (parameter 'binary') and phylogenetic trees were constructed with the R-routine 'hclust' (parameter 'ward' for the agglomeration method) (10, 11).
RESULTS
Overview ofthe hospital outbreak
During June 2010, patient 1 developed a sepsis by MDR K. pneumoniae isolate, after having received stem cell transplantation. Following successful treatment, his clinical and physical conditions rapidly improved; however, he was persistently colonized by MDR K. pneumoniae at the upper respiratory tract (URT) level, as proved by iterative positivity for ESBL+ K. pneumoniae of URT samples from August 2010 to discharge in October 2010 ( Fig. 1 , Table I ).
Patient 2 was the only one not affected by sepsis, but by a serious infection due to a ESBL+ K. pneumoniae strain, which was also isolated in October 2010 from a tracheostomy aspirate. Patient 3 underwent a heart transplant in July 2010 at the Transplantation Unit of Bambino Gesu Children's Hospital and discharged in good health status in September 2010. However, during the month of October 2010, he was hospitalized in the UDP ward after presenting prolonged asthenia and fever.
During the same period, other two cases of severe sepsis sustained by ESBL/KPC+ and ESBL+ K. pneumoniae isolates, respectively, were registered at the OHD (patients 4 and 5, both subjected to stem cell transplantation) and NSU (patients 6 and 7, admitted for major abdominal surgery). Patient 5 died as a consequence of the overwhelming ESBLI KPC+ bloodstream infection (Fig. 1 , Table I ). A standard therapeutic regimen, consistmg of quinolones or carbapenems, was administered to patients with K. pneumoniae ESBL+ infections (patients 1, 2,3 ,6, 7), while patients 4 and 5, infected with ESBLlKPC+ strains, were treated with either quinolones or glycylcyclines (i.e., tigecycline).
In response to the high isolation rate of ESBL + K. pneumoniae and ESBLlKPC+ strains in a onemonth time interval , the HICC enhanced hospital infection control measures ( 18) and started a targeted-microbiological surveillance program to control the infection risk and confine the extent of the disease. From the microbiological analyses of 30 throat and rectal swabs colle cted from OHD, DP and NSU patients and ward environment, three patients (8, 9 and 10) infected by K. pneumoniae isolates were identified as being enrolled in this study as the " S group" (Fig . I, Table I ). K. pneumoniae strains belonging to the latter group appeared phenotypically different from those from the "MDR group", being ESBL-and KPC-negative and susceptible to other classes of antibiotics assayed. No isolation of K. pneumoniae strains was observed from environmental survey sampling.
Molecular typing and MALDI-TOF MS proteome profiling
In order to investigate the clonal relationship among K. pneumoniae isolates, both belonging to MDR and S groups, genetic relatedness was asse ssed by PFGE and rep-PCR genotyping. Afterwards, the strain sets were subjected to a "new" typing method based on the MALDI-TOF MS proteomic phenotyping, the clustering results of which were compared to the DNA-based genotyping patterns. As reported in Fig. 2A , the PFGE analysis showed that the MDR K. pneumoniae strains clustered into three distinct genetic lineages, namely A, Band C, thus suggesting that patients 1-7 were infected by three distinct ESBL+ K. pneumoniae clones ( Fig.  2A , Table I ). Remarkably, the K. pneumoniae strains belonging to cluster B were also both KPC+ and caused fatal sepsis in patient 5 ( Fig. 2A , Table I ).
Concerning the S group (Table I) , the three susceptible K. pneumoniae strains clustered into three distinct lineages, namely D, E and F ( Fig. 2A , Table I ). These clusters showed a very poor similarity (below 50%) in respect to clusters A, Band C, thus confirming the antibiotyping patterns, unrelated to the MDR strains ( Fig. 2A , Table I ). Consistently, the DL clustering showed two subgroups , the MDR and S groups, including 1-3 and 4-6 clusters, respectively. (Fig. 2B , Table I ). The 4-6 strains were considered indistinguishable because of a similarity <95%, in full agreement with the PFGE topology, for which the lineages D, E, F were interpreted as unrelated. Finally, the cluster analysis ofMALDI-TOF MSbased profiling (Fig. 3A) showed the presence of three strain lineages (namely a-c clusters) belonging to the MDR group (Fig. 3B, Table I ). In the same way, the three K. pneumoniae lineages, obtained from the S set, grouped into one cluster (d; patients 9 and 10) and a single branch (patient 8) (Fig. 3B , Table I not able to differentiate the S group patients 9 and 10 into two distinct types, as obtained by PFGE and rep-PCR genotyping methods ( Fig. 2 and Fig. 3B , Table I ). Despite the small number of K. pneumoniae isolates and the obvious differences in topology reconstruction , the MALDI-TOF MS tracking showed a good agreement with PFGE and DL fingerprinting.
DISCUSSION
The increase of nosocomial outbreaks caused by ESBL and carbapenemase producing K. pneumoniae strains, in general and pediatric hospitals, represent a serious challenge for microbiologists , clinicians and specialists in hospital hygiene since an early identification of outbreaks may lead to a prompt application ofoperativeprocedures and precautionary measures to confine the extent of bacterial pathogen spreading among patients (13, 16) . Recently, akin to the DNA-based genotyping methods like PFGE and DL rep-PCR platforms, the MALDI-TOF MS proteome profiling has been successfully applied for characterizing the epidemiological relatedness of bacteria, fungi and infectious disease vectors ( 10, 11 , 15,22) .
In this study, in order to understand genetic relatedness ofa group ofMDR K. pneumoniae strains (ESBL+ K. pneumoniae and ESBLIKPC +; Table I ) isolated from seven patients hospitalized at the OHD, DP, UDP and NSU wards, the gold standard PFGE and the DL rep-PCR typing methods were employed and the results compared with the MALDI-TOF MSbased phenotyping method. As reported in Table I , a good agreement between the three typing methods was obtained, showing a consistent clustering into the three main ESBL+ and ESBLIKPC+ K. pneumoniae groups circulating in the OHD, DP, UDP and NSU wards and related to the hospital outbreaks.
Within the first clonal lineage (PFGE, DL and MALDI-TOF MS types A, 1 and a, respectively, Table I ), after a detailed medical history, no evident epidemiological linkage for MDR K. pneumoniae nosocomial cross-contamination was identified for the three patients (1, 2 and 3; Table I ). In particular, the case of patient 3 was remarkable. He was admitted in July 2010 for heart transplantation (discharged in September 2010) and in October 20 I0 for K. pneumoniae-related sepsis. Since the diagnosis of sepsis was made within 48 hours after hospitalization, the source of the K. pneumoniae infection was hypothesized either as communityacquired or nosocomial related.
Both genetic and proteomic fingerprinting clustered patient 3 with those isolated from patient I and 2; despite a link between patient 3 and patients I and 2 not being clearly identified, it is our opinion that the spreading event probably occurred during July-September 20 I0 when all three patients were admitted to Bambino Gesu Children's Hospital. In this regard, it is well documented that K. pneumoniae is able to silently colonize the gastrointestinal tract of patients without causing any signs of infection (8, 9, 17) . These silent carriers may act as reservoirs for continued person-to-person transmission (other patients and/or healthcare workers), eventually developing infection when their health status worsens (8, 9, 17) . It is reasonable to hypothesize that patient 3 became a silent K. pneumoniae carrier during his hospitalization within the period July-September 20 I0 and, as a consequence of a severe stenosis of the pulmonary artery, his deteriorating condition enabled the K. pneumoniae strain to cause sepsis after a preliminary colonization.
The second clonal lineage (PFGE, DL and MALDI-TOF MS types B, 2 and b, respectively; Table I ) was easily traced and linked to the OHD ward hospitalization and clinical severity; indeed both strains, characterized as ESBLlKPC+ isolates, caused devastating severe sepsis. The third clonal lineage (PFGE, DL and MALDI-TOF MS types C, 3 and c, respectively; Table I ) appeared clearly related to a stay in NSU and was composed of two ESBL+ K. pneumoniae isolates.
Despite specific sampling from staff hands not having been carried out, patient-to-patient transmission ofK. pneumoniae through hands is well documented as one of the main route of infection spreading (13, 18) . Moreover, the absence of MDR K. pneumoniae strains randomly collected from OHD and NSU patients and ward environments, suggested that in-hospital transmission was limited and not sustained over time. However, it is likely, that transmission of MDR K. pneumoniae strains among patients I to 7 probably occurred through hospital staff's hands. Indeed, reinforcement of contact precautions and hand hygiene was useful in limiting transmission (13) .
In conclusion, our work demonstrates the onset of three different clusters of epidemic K. pneumoniae strains within OHD, DP, UDP and NSU wards, which overall infected seven paediatric patients. After revision and strengthening of the infection control measures, no other episodes of dissemination of MDR K. pneumoniae strains were described until the month of April 20 II. These results indicate that the DL typing is a suitable platform to perform an accurate fingerprinting of MDR K. pneumoniae strains in full accordance with the gold standard PFGE method. Undeniably, based on shorter turnaround-time (TAT) and dramatic cost reduction, the MALDI-TOF MS method deserves further investigations before being considered as a reliable microbial-source tracking (Table I) . Therefore, MALDI-TOF MS-based typing robustness and accuracy needs to be ascertained by testing largescale MDR K. pneumoniae collections from both adult and pediatric populations and by assaying mistyping rate and consistency with reference genotyping methods or antibiotyping profiling. Moreover, large-scale MALDI-TOF MS analyses of MDR bacterial strains may be accomplished by further comprehensive LC-MS/MS in order to highlight differentially expressed proteins, potential candidates for new antimicrobial agents (24) .
